Abstract. Concerns about the use of residues from municipal solid waste incinerators (MSWI) in construction materials usually focus on the potential for heavy metals and organic chemicals to leach into drainage waters under the influence of rain. We hypothesised that high level of salts in the MSWI leachates may cause more of a problem, particularly on soil physico-chemical properties. Both bottom ash (BA) and Solidified Air Pollution Control residue (SAPCr) leachates were added to experimental grassland plots. The amounts of Na + increased by up to 13% in soils supplemented with each leachate. A decrease of the soil total porosity (−14%) was evidence of a subsequent adverse physical effect of this strong salinity. The potential for the grass cover type (species composition or density) to limit this adverse effect was discussed. Laboratory tests allowed us to determine that undiluted SAPCr induced slaking of aggregates accompanied by a strong decrease of aggregate stability, to 49% of control values. Undiluted BA induced dispersion of clays and others fine particles, which are then dislodged and transported into pores, causing blockage and decreasing total porosity. Clay dispersion followed by aggregate collapse occurred when soil solution contaminated by SAPCr was diluted by rainwater. This work stressed the importance of accounting for mineral contaminants, such as salts, when conducting an assessment of waste reuse scenarios.
Introduction
Municipal waste incineration processes generate solid residues, e.g. Municipal Solid Waste Incinerator (MSWI), Bottom Ash (BA), and Air Pollution Control residue (APCr). As a result of recent developments in waste management, considerations have been given to the re-use of these wastes in the building construction industry (Van der Sloot et al., 2001; Mangialardi et al., 1999) . Such use in civil engineering, however, raises concerns about the dissemination of contaminants in the environment after exposure in the short and longer term to weathering by rain water, and on their effects on environmental quality. Indeed, leachates from MSWI materials have complex and variable mineral composition (Wiles, 1996; Park et al., 2001 ) which depends of the nature of the refuse, the chemical composition of the material, the stabilisation processes and the methods of storage. Wiles (1996) specified that such leachates are characterised by a high monovalent cation concentration (especially Na + and K + ), with large amount of other cations (Ca 2+ , Mg 2+ , Cu 2+ ), and anions (Cl − , SO 4 2− , CO 3 2− ). These leachates are also characterised by a pH slightly higher than neutral for APCr and exceeding 11 for bottom ash.
The ecotoxicological characteristics of hazardous materials are commonly tested using a battery of bioassays and biomarkers under laboratory conditions (Ferrari et al., 1999; Lapa et al., 2002) . Even if the selected biological indicators are referred as standard species for the ecotoxicity assessment, they are disconnected from the ecological functioning of the receiving environment. Because the use of soil as a medium for the disposal of industrial waste and the use of incineration wastes for civil works are becoming increasingly common, the definition of relevant soil biological, physical and chemical indicators is indispensable to assess their environmental compatibility . Many studies have assessed the ecotoxicological effects of leachates from MSWI on living organisms in soils belonging to eucaryotes (plants and animals) and to procaryotes (bacteria). Plant growth inhibition (Hernandez et al., 1999) and physiological disorders (Degenhardt et al., 2000) were studied in greenhouse pot bioassays. An experiment with introduced-earthworms allowed the assessment of earthworm's behaviour under field conditions . The effects of these leachates were also investigated on bacterial genetic community structure and potential activities (e.g. denitrification, nitrogen fixation) , and on plant-microbial relationships (Gros et al., 2003) . Although concerns regarding the use of MSWI in construction materials have focused on the potential for heavy metals and organic chemicals such as dioxins to leach into drainage or run-off waters (Mitchell et al., 1992) , our previous work Gros et al., 2003) suggests that high levels of salts in the MSWI leachates may cause more of a problem than these contaminants, particularly on soil physico-chemical and biological properties. However, few studies have related the potential risks associated with salt contamination from incineration waste leachates on soil physico-chemical properties. Among the risks caused by the saline contamination, could be degradation of aggregate stability, decreasing in soil hydraulic conductivity (Levy et al., 1999) , soil compaction, and decreasing in soil aeration with subsequent effects on soil biological activities (Šantrůčková et al., 1993; Giusquiani et al., 1995) .
Effects of saline-sodic municipal wastewater or irrigation waters on soil physical properties (e.g. hydraulics parameters) are well known (Curtin et al., 1994; Bond, 1998; Levy et al., 1999; Mamedov et al., 2001 ). An increase in soil Na + content in soil solution and in CEC causes soil structural deterioration through (i) slaking (or disaggregation) with subsequent reduction of the amount of macropores (Abu-Sharar et al.,1987) ; (ii) breakdown (microcracking) by differential swelling of clays, resulting in a reduction of pore size (McNeal et al., 1966) ; and (iii) dispersion and migration of clay, followed by the blocking of water conducting pores by lodged clay particles (Abu-Sharar et al.,1987; Frenkel et al., 1972; Amezketa and Aragues, 1995) . However, few papers describe the effects of complex leachates, with a wide range and variety of mineral component, directly produced from municipal or industrial waste. To mimic industrial effluents, Lieffering and McLay (1996) studied the effect of two hydroxides (NaOH and KOH) and two chlorides (NaCl and KCl) on aggregate stability and saturated hydraulic conductivity (Ks) of three New Zealand soils. In laboratory experiments, they showed that hydroxide solutions, more than chloride solutions, dramatically weakened aggregates, reduced aggregate stability and decreased Ks in soil. Similar soil permeability results were obtained with Na rich industrial effluents by Menneer et al. (2001) .
We describe here the effects of adding MSWI-BA and -solidified APCr (SAPCr) leachates on soil chemical and physical properties. We suggested that leachates could increased either sodium or/and calcium contents in soils depending on the parent waste material with different consequences on soil structure due to aggregates slaking process or clays dispersion. To test this hypothesis, we studied the mineral contamination and consecutive changes in total porosity of an alfisol in a field plot experiment, and the effect of a serial dilution of each leachate on aggregate stability and grain size distribution under laboratory conditions. We also assumed that grass cover type could modulate these effects on soil physico-chemical properties in the short, medium or long term, either by plant absorption of salts, or by beneficial roots effects on the restoration of soil structure. Regulation of physico-chemical disturbances by grass cover on the field experiment was, therefore, also considered. Under the humid climate of Western Europe (1000 mm per year), the duration of the modifications of soil salinity and aggregation status due to leachates addition should be largely dependent on leaching processes. Restoration of initial soil properties was investigated after one growing season (6 months) and after more than one annual climatic cycle (15 months).
Materials and Methods

LEACHATES
The BA and SAPCr leachates used in this work were produced, respectively, by percolation and by leaching processes (Barna et al., 2000) . These technical processes were designed to approach the physico-chemical conditions of waste deposits in two reuse scenarios (compacting, rainfall, drying-wetting cycles, etc.) . The first scenario corresponds to percolation of rain and run-off water through a granular BA deposit; this material is used as road embankment. Below the roadside, grassland receives the run-off effluent that has percolated through the waste. The second scenario corresponds to immersion of a porous material in water (i.e. SAPCr). A waste stabilised and solidified in hydraulic binders (cement) is used to construct a water reservoir for fire fighting on an industrial site. After four months storage, the filled reservoir leaks and a grassland receives the run-off effluents.
The main characteristics of waste leachates are given in Table I ( Poly et al., 2002) .
REFERENCE SOIL PROPERTIES
The soil chosen for this study was an Alfisol (Soil Survey Staff, 1992) , because it is common soil type in Western Europe. Ten soil samples were collected from the A horizon (0-10 cm) of a reference grassland site (1 ha) near the site of the fieldplots experiment, which is located at the CERED Research and Tests Center for Waste Elimination (Normandie, France). After collection, samples were air dried, gently sieved by hand (<4 mm) and pooled. An aliquot was oven dried at 105
• C for 48 h to determine gravimetric water content. A sub-sample of this composite was sieved (<2 mm) for analysis of the following soil properties. The pH measurements were done in water and KCl suspensions (soil:water = 1:2.5, soil:KCl = 1:2.5, 90 min equilibration time). Soil C content was determined using a Carlo Erba CHN Analyser. A portion of the sub-sample was treated with H 2 0 2 (30%) to remove organic matter and particle size distribution was then determined: (i) by successive sieving to determine the proportion of coarse and fine sand (2-0.05 mm) and (ii) by sedimentation (Gee and Bauder, 1986 ) of the <0.05 mm fraction for determining proportions of coarse silt (20-50 µm), fine silt (2-20 µm) and clay (<2 µm). (Orsini and Rémy, 1976 ) using a Analyst-100 atomic absorption spectrometer (Perkin-Elmer Corp., Connecticut). Soil bulk density (ρ b in g cm −3 ) was determined on intact soil cores using the paraffin method (Blake and Hartge, 1986) . Majors properties of the reference soil are given in Table II .
The rest of the composite was conserved at 4
• C until to perform laboratory experiments (see Section 2.4.).
FIELD-PLOT EXPERIMENT AND SOIL MEASUREMENTS
The field experiment was carried out on 1m × 2m plots on a silty loam soil (Alfisol: Soil Survey Staff, 1992) in March 1997. The indigenous plant cover comprising colonial bentgrass (Agrostis tenuis), Arrhenaterum eliatus and Holcus lanatus, was left on six plots (I-plots). In order to test the influence of grass cover type on soil physico-chemical properties, six other plots (A-plots) were cleared in early spring by removing one centimetre of soil. Three days later, A. tenuis was sown on bare soil at a rate of 20 g m −2 to create a monospecifique vegetation cover. Two weeks after seeding, each plot was amended with 44 l m −2 of BA leachate, SAPCr leachate, or rainwater (control water plot referred as C-plot), all at a rate of 11 l m −2 d −1 over four days. The amounts of leachate applied to the field experiment correspond to realistic scenarios of MSWI ashes reuse proposed in preliminary studies .
Two cubic samples (10 cm side) from each experimental plot were collected, wrapped in plastic bags and stored at 4
• C until analysis. The first sampling was carried out four days after leachate application. The second and third soil samplings were carried out six (September 1999) and 15 months (June 2000) after leachate application. For determination of salt contamination, the first cubic sample was air-dried, sieved (<2 mm) and homogenised. Cation-exchange capacity (CEC) and exchangeable cations (Ca 2+ , Na + , K + , Mg 2+ , Mn 2+ ) were measured in Co(NH 3 ) 6 Cl 3 extracts (Orsini and Rémy, 1976) . With these data, we computed CEC base-saturation (referred as S), and exchangeable cation percentage which represents the CEC occupied by Na
. The second cubic sample was sliced in three (0-3, 3-7, 7-10 cm depth). Particle density (ρ p in g cm −3 ) was measured on each slice using the water pycnometer method (Blake and Hartge, 1986) . Soil bulk density (ρ b in g cm −3 ) was determined on each slice using the paraffin method. Total porosity was calculated as follows:
LABORATORY EXPERIMENT
Laboratory experiments were performed using the soil composite sample collected from the reference site (see Section 2.2.). Effects of BA and SAPCr leachates on aggregate stability and particles-size distribution were determined, respectively, by the wet-sieving method (Kemper and Rosenau, 1986; Le Bissonnais, 1996) and particle size distribution analysis (Gee and Bauder, 1986) . The different treatments, for both BA and SAPCr leachates comprised a control with distilled water and six leachate concentrations (5, 15, 25, 35, 50 and 100%) . These concentrations were chosen after preliminary tests found no significant difference between 50 and 100% (data not shown). Four replicates were used for each treatment.
Aggregate Stability and Aggregate Size Distribution Tests
Approximately 15 g of air-dry aggregates (1-4 mm size) were placed on 50-µm sieves in shallow basins. Aggregates smaller than 1 mm-size were eliminated prior to the experiment to standardise the method and reduce the bias from sieving. The appropriate treatment solution was slowly added to the basin so that the surface of the solution was just in contact with aggregates on the sieve. The aggregates were moistened by capillary action for 1 hour prior to determination of aggregate stability (Lieffering and McLay, 1996) . The more stable aggregates (>50 µm) as well as the <50 µm fractions generated by the treatment were gently washed on the top of a column of 4 sieves and were separated in 5 fractions by serial wet sieving. Serial sieving of aggregates and particles was performed on an automatic shaker (Fritsch, Oberstein) during 30 minute under controlled aspersion (1 l mn −1 ). Five fractions were obtained after sieving: >2000 µm (F1), 2000 to 1000 µm (F2), 1000 to 200 µm (F3), 200 to 50 µm (F4) and <50 µm (F5). The coarse fractions F1 and F2 contained aggregates and coarse sand particles. To distinguish and measure the amount of aggregates separately from sand particles, the F1 or F2 fraction was forced through their respective sieve (i.e. 2000 µm mesh size for F1 and 1000 µm mesh size for F2) until sand particles were left on the sieve (F1 S and F2 S ). Aggregate components obtained by this mild crushing were collected on a container, dried and weighed (F1agg and F2agg). All aggregates fractions obtained (F1agg, F2agg, F3, F4 and F5) and coarse particles (F1 S and F2 S ) were oven-dried (105
• C) and weighed. The amount of the fraction <50 µm size (F5) was calculated by the difference between initial soil mass and the sum of the fractions coarser than 50 µm.
Aggregate stability was expressed as the mean weight diameter (MWD) (Kemper and Rosenau 1986; Le Bissonnais, 1996) . MWD was calculated as follow: MWD = (% of sample on sieve × mean inter-sieve size). Aggregate size distribution was calculated as the percentage of the total sample for coarse-size fraction (i.e. 4000-1000 µm-size, F1agg + F2agg), medium-size fraction (1000-50 µm-size, F3 + F4) and fine-size fraction (<50 µm-size, F5).
Particle-Size Distribution Tests
To assess the dispersive-flocculating properties of leachates, the effects of treatments on particle-size distribution of soil sub-samples were analysed. Twenty grams of air dry sieved soil (<2 mm) were end-over-end shaken (30 min) in 200 mL of distilled water (control), diluted leachates (5, 15, 25, 35 and 50%) or undiluted leachates. The amount of each granulometric fraction was then measured using the pipette method (Gee and Bauder, 1986) . This method allows determination of the changes in proportion of 3 particle sizes: sand-size (2000-50 µm), silt-size (50-2 µm) and clay-size (<2 µm).
STATISTICAL ANALYSIS
The field experiment was set up as a partly nested split-plot design partly nested with two factors (i.e. waste leachate type and grass cover type). ANOVA for split-plot design was then used, with leachate type and grass cover type as fixed factors, and where leachate type is nested within grass cover type. All statistical assumptions were tested prior analysis of variance on each variable. Duncan's multiple range test was used to distinguish differences between means at P < 0.05.
One way analysis of variance was used to test the effect of BA and SAPCr leachates on the variables obtained from the laboratory experiment tests (i.e. MWD, aggregates distribution, and particle size distribution). Duncan's multiple range test was used to distinguish differences between means at P < 0.05. For all analyses, we checked the residual plots for equal variance. Data were log transformed if necessary to stabilise the variance. All analyses were performed using SPSS 11.0 statistical software (SPSS Inc., Chicago, IL).
Results
FIELD EXPERIMENT
Results of nested ANOVA tests for the effects of BA and SAPCr leachates, and regulation of these effects by grass cover on exchangeable cation percentage (i.e. Na + , Ca ++ , K + , Mg ++ , Mn + ), base-saturation and total porosity are given in Table III , and details are presented below. Results are summarised using F values and * P < 0.05, * * P < 0.01 and * * * P <0.001.
Soil Exchangeable Cations
Results for the two first sampling dates showed significant differences of all exchangeable cation percentage between treatments (water, BA and SAPCr leachates). There were also significant variations between I-plots and A-plots within each treatments for exchangeable cation percentage except for ECaP and base-saturation four days after leachate application, and except for ENaP, ECaP and base-saturation six month after leachate application (Table III) . Fifteen months after contamination, there were no significant differences of ECaP and base-saturation between treatments and between I-plots and A-plots within each treatment, while effects of leachate on ESP, EMgP and EMnP remained significant (Table III) . Analysis of soil mineral composition after leachate application to experimental plots showed that a large amount of Na + was immobilised in the first ten centimetres of soil. The BA and SAPCr leachates significantly (P < 0.05) increased ESP in both I-and A-plots after both four days, six months and 15 months (Table IV) . The ESP values under I-plots increased 13-fold in the BA contaminated plot and 18-fold in the SAPCr contaminated plot (P < 0.05), compared to the control plot. The SAPCr leachate significantly (P < 0.05) increased ECaP in both I-and A-plots after four days. ECaP values under SAPCr plots were not significantly different from control plot after six months. Application to soil of BA and SAPCr leachate increased the base-saturation under I and A-plots (Table IV) . Fifteen months after contamination, there were no significant differences of base-saturation between control plots and the supplemented I-and A-plots.
Total Porosity
Six months after contamination, there were significant differences of total porosity between treatments (water, BA and SAPCr leachates) and significant differences between I-plots and A-plots within each treatment (Table III) . Fifteen months after contamination, however, no significant differences of total porosity were found between treatments and between I-plots and A-plots within each treatment (Table III) . Six month after application, both BA and SAPCr leachates significantly (P < 0.05) reduced total porosity under I-plots for all slices (Figure 1a ) and A-plots except for the first slice (0-3 cm depth) (Figure 1b) . A significant lower total porosity was Lower-case letters designate significant differences within each depth (Duncan's Multiple Range Test, P < 0.05).
found after 15 months between contaminated and control soils, only in the 0-3 cm depth under I-plots (Figure 1c ) and in the 0-3 and 3-7 cm depth under A-plots (Figure 1d ).
LABORATORY EXPERIMENTS
Aggregate Stability and Aggregate Size Distribution
Undiluted BA leachate did not cause a significant decrease of aggregate stability (Table V) . Aggregates were found to be significantly less stable (P < 0.05) after contact with low concentrations of BA (5, 15, 25 and 50%). In contrast, SAPCr dilutions significantly (P < 0.05) reduced aggregate stability compared to distilled water treatment (Table V) . The greatest decreases occurred for a concentration of 35 % (-44%) up to undiluted leachate (−49%).
Aggregate size distribution was calculated by grouping the F1agg and F2agg as the coarse fraction, F3 and F4 as the medium fraction, with F5 remaining as the fine fraction. Fractions were plotted against the concentrations of leachates used as treatments (Figure 2 ). The amounts of coarse fraction were significantly reduced (P < 0.05) by different concentrations of both BA and SAPCr leachate adding to soil aggregates (Figure 2a) . The greatest decrease of coarse aggregates occurred with pure SAPCr pre-treatment, whereas the disruption effect was the same for all tested concentrations of BA. Disruption of coarse fraction by SAPCr was significantly correlated (N = 21, P < 0.01) with increased amounts of medium fraction (r = 0.90) and fine fraction (r = 0.83) (Figure 3 ). The decrease of the coarse fraction induced by BA was found to be correlated with increased amounts of medium fraction (N = 21, P < 0.05, r = 0.91, data not shown) but not with fine fraction.
Particle Size Distribution
Particle size distributions, determined by chemical dispersion with various concentrations of both BA and SAPCr leachates, are shown in Figure 4 . The behaviour of each particle size differed according to the BA or SAPCr leachate used as dispersive reagent and its concentration. No modification of the amounts of sand size fraction with either BA or SAPCr leachates was observed (Figure 4a ). Concentrations of BA ranging from 35 and 100% induced a significant dispersion of clay-size particles (Figure 4c ). The dispersion with undiluted BA resulted in an increase of 41% compared to the amount of dispersible clay obtained with water (P < 0.01). Dispersion was accompanied by a significant decrease of the amount of silt-size fraction (−8%; P < 0.05) (Figure 4b ). Concentrations of SAPCr ranging from 35 and 100% caused a significant flocculation of clays (Figure 4c ). Maximum flocculation was shown with undiluted SAPCr (P < 0.01) (Figure 4c ). However, treatment with diluted SAPCr (5 and 15%) caused a significant increase in the amount of clay (P < 0.01). Flocculation resulting from the concentrations of SAPCr ranging from 35 and 50% was concomitant with a weak but significant increase in the amount of the silt size fraction (Figure 4b ). Error Bars represent ± standard deviation (n = 4). Lower-case letters designate significant differences within each depth (Duncan's Multiple Range Test, P < 0.05). 
Discussion
The main characteristics of the Alfisol, soil used in this study are: (i) a small amount of clay, and the consequent weakness of aggregation; (ii) a low cation exchange capacity (8.1 cmolec kg −1 ), nearly saturated by Ca 2+ (78.7%), with minor and variable participation of K + and Mg 2+ (6%) and of the acidic cation Mn 2+ (2.4%); Na + comprised less than 1.5% of bases. , and clay-size (c). Error Bars represent ± standard deviation (n = 4). Asterisks indicate significant differences between control measure (distilled water) and various tested concentrations of leachates (one-way Anova, P < 0.05).
Addition of the saline leachates should result in substantial changes in such a soil sensitive to properties (i.e., Ca 2+ and Na + contents) influencing pH cation equilibrium and aggregate stability. The BA leachate had a strongly alkaline pH (11.1), high SAR (18.3) and moderately high electrical conductivity (7.5 dS m −1 ), and the SAPCr leachate (APCr stabilised in concrete) had neutral pH (7.6), low SAR (5.6) and very high electrical conductivity (11.2 dS m −1 ). The sodicity hazard of solutions increases with increasing SAR (Mace and Amrhein, 2001 ), especially in a poorly structured soil such as the upper layer of the Alfisol we used. Some modifications of soil structure and porosity with a subsequent decrease of soil permeability would be expected (McNeal et al., 1966; Pupisky and Shainberg, 1979; Shainberg et al., 1981; Curtin et al., 1995; Levy et al., 1999) .
Analysis of the chemistry of the field experimental soil revealed a general increase in the major cations derived from leachates. Four days after contamination, the exchangeable sodium percentage (ESP) was such that an adverse effect on structural stability would be likely. BA contaminated soils were marked by the abundance of Na + , which persisted six and fifteen months after the application of leachate. The Na cation has preferentially replaced monovalent cations (K + and H + ) while the proportion of exchangeable Ca 2+ remained constant at 80% of the CEC. With the addition of BA, soil CEC was saturated by Ca 2+ and Na + . After SAPCr application, the sum of exchangeable cation exceeded the CEC indicating the presence of soluble salt in soil solution (Thomas, 1984) . We also found significant positive correlations between exchangeable K and ESP when soils are supplemented with BA or SAPCr leachate (data not shown). The coincident increase in K concentration with increased Na concentration is most likely to have resulted from the release of K fixed between the layers of 2:1-type clay minerals. This mechanism was also discussed by Norrstrom and Bergstedt (2001) , who found similar patterns of base-cations pool dynamics where soils were submitted to road de-icing salts (NaCl). The salinity of the soil solution could hide the exact rate and balance of cation exchange. Nevertheless, the Ca 2+ seems to be preferentially adsorbed four days after leachate application, then desorbed and replaced by sodium on exchange sites after the dry season (six months after leachate application). The explanation for this lies in the differential solubility of Ca 2+ and Na + ions when soil solution concentration increases. Sumner (1993) and Keren (2000) explained, for natural sodic soils, that evaporation of water in the dry season causes salt precipitation of the least soluble cations, Ca 2+ and, to a lesser extent Mg 2+ . Under these conditions, exchange sites preferentially adsorb the more soluble Na + ions. The chemical modifications in SAPCr contaminated soils are identical with those occurring for the formation of sodic soils (sodisation process), contrasting to the salinisation process occurring in BA contaminated soils.
Mineral contamination by MSWI leachates caused a decrease of total porosity of soils under field experimental conditions. The effects of both BA and SAPCr leachates on aggregate distribution (laboratory tests) allowed us to determine two successive soil structural process changes when experimental plots are amended with MSWI leachates. Firstly, the electrolyte concentration of leachates induced slaking of mm-size aggregates after a short time of contact, as evidenced by the laboratory tests. The additional test of aggregate stability showed that both BA and SAPCr leachates affect aggregate size distribution and cause loss of soil structure. Both leachates caused slaking of macro-aggregates (1000-4000 µm), which are highly correlated with decrease of MWD. Aggregate slaking was found to be more important with undiluted SAPCr, because the electrolyte concentration was higher than in undiluted BA (Table I) . These results can be extrapolated to field experiments. Indeed, the high Na + content results in breaking up of the soil aggregates and in increasing colloid mobility. US Salinity Laboratory Staff (1954) suggested an ESP of 15% as the critical level above which soil structure could be deleteriously affected. Abu-Sharar et al. (1987) showed that silt-size aggregates slaking could occur at ESP <10. Other studies have shown that macro-aggregate slaking occurred only in the range of ESP >5 (Aly and Letey, 1990; Shainberg et al., 1992) . Because ESP in soil contaminated by BA and SAPCr ranged between 7 and 13, our results provided evidence that the increased electrolyte concentration, especially with high Na + content, caused the observed slaking. Secondly, aggregate breakdown can cause clays and others fine particles to be dislodged and transported into pores, thereby blocking the pores and causing a decrease of total porosity (Nakagawa and Ishiguro, 1994) . Nevertheless, results of the effects of leachates on particle size distribution suggest that the dispersion following the slaking process may be modified by the specific electrolyte concentration and composition of each leachate. We showed that treatment of soil with undiluted BA induced clay dispersion, indicating that slaking may be followed by pore plugging by both dispersed clays and slaked particles (e.g., Quirk and Shofield, 1955; Frenkel et al., 1972; Curtin et al., 1994) . A strong increase of exchangeable Ca 2+ was observed in plots contaminated with SAPCr, while laboratory test on particle size distribution indicated the occurrence of clay flocculation with this undiluted leachate. Calcium may reduce the adverse effects of disaggregation through a flocculation process (Quirk and Shofield, 1955) . Shainberg et al. (1981) found that soils with higher mineral-dissolution rates were less affected by exchangeable Na than soils that were chemically stable. However, we found dispersion of clay using the lowest concentration of SAPCr (below 25%). Therefore, we suggest that a further mechanism occurred on the field experimental plots contaminated with SAPCr, namely rainwater dilution of soil solution. Such dilution may cause clay dispersion followed by aggregate collapse and dislocation of particles into pores. This conclusion is support by recent work of Mace and Amrhein (2001) . These authors showed that structural perturbations (e.g. modification of hydraulic conductivity) and clay dispersion increased with decreasing electrolyte concentration of moderate sodium adsorption ration (SAR) water used for irrigation.
We previously discussed the direct effects of leachate composition on structural properties of contaminated soils. A question now arises concerning the indirect effect of vegetation cover on physico-chemical properties of soil in the field experimental plots. Plant cover regulation of leachate effects was revealed by the degradation of soil structure, which persisted for 15 months after the application of leachates only under Agrostis cover. Hence, it follows that restoration of porosity was observed under indigenous plant cover. Our previous data showed that plant cover can protect soil bacteria and their activities from the effects of a single pulse of leachates. The results presented here provide evidence that indigenous and dense plant cover also limits the adverse effects of solid waste leachate on soil physico-chemical properties. Plant canopies protect the soil surface from disturbance and soil beneath canopies receives higher organic matter inputs and generally has higher moisture content. Indigenous grassland plots have a more extensive canopy and root system than young and sparse Agrostis grassland plots , and therefore have the potential to increase aggregate stability to a greater extent. The protection observed may result from either a phytoremediation process involving in the absorption of some of the salt (Gros et al., 2003) , or the effect of plant roots on the morphology and stability of soil structure. Indeed, by penetrating the soil, roots form macropores (Stewart et al., 1999) , fragment the soil and form aggregates (Marshall et al., 1996; Angers and Caron, 1998) . Root growth and physiology also produced localised soil physical properties around the root, such as compaction (Misra et al., 1986) . The drying of soil by roots together with the organic binding material produced in the rhizosphere is expected to enhance soil structural stability (Bowen and Rovira, 1991; Gale et al., 2000) .
Conclusion
It is obvious from this study that high Na concentration in the soil, as a the consequence of application of leachates generated from both Municipal Solid Waste Incineration-Bottom Ash and Solidified Air Pollution Control residues, may cause adverse effects on soil cation pools and physical properties. Ion exchange processes resulting from the effect of Na + on the other base cations, Ca 2+ , K + and Mg 2+ , may affect the nutrient status of grasslands soils. This study clearly showed that base cations pools originating from MSWI-leachates promote extended aggregate slaking or collapse, colloid dispersion or flocculation depending on parent material. This, consequently, may have a large impact on soil quality, particularly on soil hydrodynamics, plant nutrition and water supply, and biotic environments.
Assessment of the environmental compatibility of incineration waste used for civil works was traditionally defined using a battery of bioassays and biomarkers, adjusted to the concerned recipient environments. A major concern for outdoor reuse of these materials is their weathering and pollutant diffusion by rainwater. Assessment of the impact of MSWI-ash leachates must be supported by experiments designed with realistic conditions of waste materials in reuse scenarios (e.g. waste compacting, rainfall, drying-wetting cycles, vegetation cover, etc.) and focus on factors indicating whether leachates modify key functions or properties of soil (e.g., mineral contamination, aggregate stability, particle-size distribution). Our results demonstrated the importance of taking account, for environmental risk assessment, physical and chemical disturbance, resulting from mineral contaminants (salts), other than those usually considered as toxicants (i.e. heavy metals, organic chemicals).
